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ABSTRACT 

high sulfate concentration at Whiteface Monntain, NY (26-30 July 1983) were 
characterized by scanning, transmission and high-voltage electron microscopy. 
Consistent with findings from an earlier episode, submicrometer spheres common in 
coal fly ash were abnndant during the high-sulfate period but were absent before or 
after the episode. Minerals identified in iron-rich spheres by electron diffraction 
were magnetite, maghemite, and hematite. Equally abundant at the same time were 
silicon spheres which were probably glass since they yielded no diffraction 
patterns. Also common in high-sulfate samples were submicrometer spheres composed 
of varying proportions of iron, silicon, alnminnm, potassinm. calcium and titanium. 
No evidence of particles from oil combustion was observed. Additional support for 
coal combustion as the source of the high-sulfate concentration was given by Mn/V 
ratios which were consistent with air from the coal-burning Midwest rather than the 
oil-burning East Coast. Prevailing meteorologic conditions also indicated air flow 
from the Midwest. Preliminary evaluation of a new chemical signature, VlNi ratio, is 
also presented. Although observed ratios were also consistent with coal rather than 
oil combustion, additional evaluation of this tracer is needed. 

INTRODUCTION 

SO, emissions, is largely responsible for the widespread acid-stressed 
conditions in the Northeast. Indeed, studies that related daily sulfate 
concentration ([SO:-]) with backward air trajectories at Whiteface Mountain, 
NY, have invariably found that the highest [SO:-] were associated with air 
masses passing through the Midwest (1,2,3). While trajectory-based studies 
themselves do not unequivocally prove this assumption, more recent investigations 
have shown with increasing clarity that coal-burning in the industrial Midwest is 
indeed the major sonrce of SO:- aerosols reaching the acid-stressed 
Adirondack region. Husain (4) used samples collected at 6-hour intervals 
from a network of sites to trace high-SO:- air masses from the Midwest across 
New York State. These air masses retained MnlV ratios characteristic of the Midwest 
( > >  1) even after traveling more than 500 km. Conversely, when trajectories passed 
through coastal regions, MnfV ratios were distinctly lower ( <  0.5). consistent with 
the region's dependence on oil. Although the MnfV ratio techniqne has some 
limitations ( 5 ) .  it can be a very useful indicator of air mass history, particularly 
when used in conjunction with other tracers. Most recently, electron microscopy 
(EM) was used to identify coal fly ash in a high-SO:- air mass at Whiteface 
Monntain (6). Both the meteorology and the MnfV ratios indicated a midwestern 
origin for this air mass. The combination of microparticle identification, 
meteorology and chemical tracers has.provided the clearest fingerprint to date of 
the sources of SO:- in northern New York. 

During the summer sampling campaign in 1983 a second high-SO:- episode 
was observed at Whiteface Mountain. EM analysis of samples collected during this 
episode are presented and discussed along with the measurement of selected trace 
metals in simultaneous high-volume samples. 

EXPEUIKEXTAL 

high-volume pumps on Whatman 41 filters at the summit of Whiteface Mountain (WPM). 
at Mayville (MAY) in the sonthwestern corner of New York. at Alexandria Bay (AXB) on 

Individual microparticles collected before, during and after an episode of 

It is widely assnmed that the industrial Midwest, because it has the highest 

During s m e r  1983 airborne particulate samples were collected with 

225 



t he  no r theas t e rn  shore of Lake Ontario,  and a t  West Eaverstraw (WW) i n  t he  lower 
Hudson River Va l l ey  (F igure  1). While the f i r s t  th ree  s i t e s  a r e  r n r a l ,  W i s  a 
suburban s i t e  l oca t ed  near  the met ropol i tan  New York C i ty  a rea .  This s i t e  was 
se l ec t ed  p r imar i ly  t o  cha rac t e r i ze  Eas t  Coast ae roso l s  because of i t s  proximity t o  
two oil-burning power p l a n t s .  Samples were co l l ec t ed  f o r  6-hour i n t e r v a l s  a t  WFM 
and MAY and f o r  12-hour i n t e r v a l s  a t  WHV and AXB. These were analyzed f o r  
SO:- by ion chromatography and f o r  A l ,  Mn, V, and N i  by atomic absorp t ion  
spectrophotometry a s  d e t a i l e d  elsewhere ( 4 ) .  Mic ropa r t i c l e s  were co l l ec t ed  
simultaneously wi th  the  high-volume samples a t  WFM on carbon-coated Nuolepore 
f i l t e r s  i n  an automatic dichotomous sampler ( 6 ) .  These f i l t e r s  with co l l ec t ed  
p a r t i c l e s  were t r anspor t ed  i n  a i r t i g h t  con ta ine r s  t o  the  l ab  where a t h i n  carbon 
f i lm  was vacuum evaporated over the  c o l l e c t i o n  sur face  t o  immobilize the p a r t i c l e s  
and t o  reduce excess  charge produced by the  e l ec t ron  beam. In add i t ion  t o  the EM 
analyses  performed on the e a r l i e r  samples (6). sec t ions  of f i l t e r  were shadowed with 
An-Pd a t  an angle of -30 degrees t o  allow 3-dimensional i n t e r p r e t a t i o n  of p a r t i c l e  
morphology by t ransmiss ion  EM ( 7 ) .  

During t h e  pe r iod  of i n t e r e s t  (26-30 J u l y  1983). a i r  flow across  New York 
S t a t e  was dominated by a slow-moving high-pressnre system from the  Great Lakes. 
Although a i r  t r a j e c t o r i e s  a re  not  ava i l ab le  a t  t h i s  time, t h i s  p a t t e r n  i n  the  pas t  
has  produced a i r  flow from the Midwest ac ross  t h e  s t a t e  and i s  gene ra l ly  assoc ia ted  
wi th  high-SO:- pe r iods  i n  ups t a t e  New York ( 8 ) .  
southern Pennsylvania e a r l y  on 21 J u l y  may produce a i r  flow from the  Midwest a t  MAY 
while AXE and WFM should be under the inf luence  of Canadian a i r .  By the  next day, 
the  high had moved of f  the coas t  of V i rg in i a ,  where it remained s t a t iona ry  for  two 
days (Figure I). A cold  f r o n t  w i th  a l a rge  mass of lead ing  showers was t r a i l i n g  the 
high. (The leading  edge of the showers can be seen i n  the upper l e f t  hand corner of 
Figure 1.) During 28 J u l y ,  p r e c i p i t a t i o n  began i n  the  western p a r t  of the s t a t e  and 
by the  next day, was widespread throughout the  ups t a t e  area.  

RESULTS 
Chemistry 

On 27 Ju ly  [SO:-] began t o  increase  throughout the  s t a t e ,  f i r s t  a t  MAY 
and 12 hours l a t e r  a t  AXB and WFM (Figure 2 ) .  Th i s  i s  cons i s t en t  wi th  the beginning 
of midwestern a i r  flow on the backs ide  (western edge) of the  high pressure  system. 
A t  AXB and WPM, maximum concent ra t ions ,  46 and 49 pglm’ r e spec t ive ly ,  were observed 
i n  the  a f te rnoon of 28 J u l y  but decreased d rama t i ca l ly  on 29 J u l y  when p rec ip i t a t ion  
was widespread thronghoot the  s t a t e .  The onse t  of p r e c i t i t a t i o n  is  a l so  ind ica ted  by 
the  t r ace  metal da t a .  A1 concent ra t ions  a t  WPM, f o r  example, were -340 nglm’ 
during the  peak [SO:-] per iod  but  decreased ab rup t ly  t o  90 nglm’ f o r  the  
f i r s t  sample on 29 Ju ly .  Such an abrupt decrease  is cons i s t en t  with the  washout of 
aerosols .  A t  MAY [SO:-] l eve led  off a t  -25 pglm3 f o r  30 hours beginning 
wi th  the f i r s t  sample on 28 Ju ly .  Eowever. the  lead ing  edge of showers shown i n  
Figure 1. which began a f f ec t ing  the  wes tern  p a r t  of the  s t a t e  on the  28th. may have 
s i g n i f i c a n t l y  a f f e c t e d  the [SO:-]. The v a r i a t i o n s  i n  t r ace  metal 
concent ra t ions  a r e  cons i s t en t  w i th  t h i s  assumption. [SO:-] a t  W a l s o  
peaked i n  t h e  l a s t  sample on 28 Ju ly ,  bu t  t he  concent ra t ion  was much lower, 15 
Cg/m’. 
wel l  have been inf luenced  by a i r  from a d i f f e r e n t  area than the nps t a t e  s i t e s .  This 
has  been the  case in episodes  prev ious ly  s tud ied  ( 4 ) .  

shorn in  Figure 2. Throughout t he  episode, MnlV r a t i o s  a t  the  th ree  ups t a t e  s i t e s  
were cons i s t en t ly  >2. 
ranged from 3.3 t o  21 and averaged 11. 
MnfV r a t i o s  averaged 6 which is wi th in  the range of va lues  observed a t  MAY although 
only about ha l f  the mean. Larger r a t i o s  a t  MAY compared t o  WFM a re ,  however, 
cons i s t en t  wi th  prev ious  da t a  (4 .6) .  A t  bo th  s i t e s  the MnIV r a t i o s  a re  c l ea r ly  
wi th in  the range f o r  midwestern a i r  and much too high t o  suggest any s ign i f i can t  
in f luence  from heavy oil-burning a reas .  A t  AXB, MnlV r a t i o s  were only s l i g h t l y  >2. 
muoh lower than a t  WFM. 

This h igh  centered  over 

Because t h i s  s i t e  was much c l o s e r  t o  the  center  of the  high, it may very 

The ranges of MnlV r a t i o s  ( c r u s t a l  co r rec t ed  a s  described e a r l i e r  ( 4 ) )  a re  

While [SO:-] was > 20 pglm’ a t  MAY, MnlV r a t i o s  
A t  WFX dur ing  the  peak [SO:-] per iod ,  

While [SO:-] were comparable a t  the  two s i t e s .  AXE 
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had much higher V concent ra t ions .  
range of coal-burning reg ions ,  the  f a c t  t h a t  the r a t i o s  were much lower than  a t  WFM 
sugges ts  a l a r g e r  in f luence  from oil-combustion a t  AXE. However, s ince  the h ighes t  
V concent ra t ion  was only 6.7 nglm’ and MnlV r a t i o s  do remain >2, t h e  
high-[SO:-l period s t i l l  seemed t o  be dominated by coal-combustion aerosols .  

oil-burning power p l a n t s  precludes the usefu lness  of MnIV r a t i o s  a s  t r a c e r s  a t  th is  
s i t e  ( 5 ) .  As in previous s t u d i e s  (4.6).  MnlV r a t i o s  a t  W€W were almost i n v a r i a b l y  
( 0 . 5  ss expected. On 28 J u l y  t h e  Mn/V r a t i o  increased t o  0.53. Since it i s  
genera l ly  around 0.2, t h i s  i n d i c a t e s  t h a t  a component from some coal-combustion 
source may be present .  

To re inforce  the MnlV r a t i o  da ta  we a l s o  considered V I N i  r a t i o s  i n  t h e s e  
samples. V l N i  r a t i o s  a r e  d i f f e r e n t  i n  coa l  and o i l  f l y  ash. [VI i s  markedly 
enriched i n  o i l  f l y  ash while [ N i l  i s  a l s o  enriched, no t  t o  the ex ten t  of V ( 9 ) .  I n  
c o n t r a s t ,  [ N i l  i s  increas ingly  enriched wi th  decreasing p a r t i c l e  s i z e  i n  c o a l  f l y  
ash  whereas [VI is not (10.11). Henry and Knapp (12) analyzed 6 o i l  f l y  ash samples 
and 6 coal  f l y  ash samples and found average V l N i  r a t i o s  t o  be 5.2 and 1.2 
respec t ive ly .  Analysis of the d a t a  of Davison (11) r e v e a l s  t h a t  V l N i  i s  
very  low ( (0 .5)  i n  coal f l y  ash which i s  l e s s  than  2 pm. This i s  the p a r t i c l e  s i z e  
range expected t o  be t ranspor ted  long d is tances .  

V I N i  r a t i o s  a r e  shown in Figure 2. A t  WHV on 26-27 J u l y ,  the  V l N i  r a t i o  
averaged 3.0. This s i t e  i s  s t rongly  influenced by o i l  emissions ( [ V I  averaged 30 
nglm’) and the V l N i  r a t i o  i s  approaching t h a t  measured i n  o i l  f l y  ash. 
[SO:-] episode, however, the  r a t i o  averaged 1.6 and re turned  t o  near 3 on t h e  
30th. The decreased V l N i  r a t i o s  a r e  c o n s i s t e n t  wi th  increased  inf luence  from 
coal-burning regions during the  high-SO:- period. A t  WFM, episodic  r a t i o s  
averaged 1.2 and nonepisodic r a t i o s  averaged 1.3, near t h a t  f o r  coa l ,  aga in  
i n d i c a t i n g  t h a t  oil-combustion a e r o s o l s  were not dominant a t  these times. V l N i  
r a t i o s  a t  MAY and AXB were s i m i l a r  t o  WBV with  nonepisodic r a t i o s  averaging 2.1 and 
and 2.4 respec t ive ly  and ep isodic  r a t i o s  averaging 1.4 and 2.0. A t  none of the 
s i t e s  was the ep isodic  V l N i  r a t i o  l a r g e  enough t o  be a s s o c i a t e d  wi th  pure ly  
o i l - f i r e d  combustion products and, except a t  WFM where the  r a t i o  was a l r e a d y  near 
t h a t  of coa l ,  the  V I N i  r a t i o  decreased during the high-SO:- episode, a s  
expected f o r  increased c o n t r i b u t i o n s  from coal-burning a r e a s .  Cons is ten t  w i t h  MnlV 
r a t i o s ,  V l N i  r a t i o s  were h igher  a t  AXB than WFM during t h e  episode suppor t ing  t h e  
e a r l i e r  conclusion t h a t  AXB has an oil-derived aerosol  component. AXB i s  on the S t .  
Lawrence Seaway, approximately 100 ka NE of a l a r g e  oil-burning power p l a n t  on the  
southeas t  shore of Lake Ontario.  While f u r t h e r  study i s  needed, t h i s  d a t a  sugges ts  
t h a t  V l N i  r a t i o s  may provide another u s e f u l  ind ica tor  of c o a l  and o i l  combustion 
emissions.  

Although the  M n l V  r a t i o s  a t  AXB were w i t h i n  t h e  

While UnlV r a t i o s  a t  WIiV have been included f o r  completeness, i t s  proximity t o  

During the  
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c l u s t e r s  which had r e t a i n e d  t h e i r  s o l i d  morphology r a t h e r  than being f l a t t e n e d  by 
high-velocity impaction. Perek &-& a l s o  found t h a t  H,SO, impacted 
on S i 0  f i lms  formed a l a r g e  c e n t r a l  d rop  wi th  mul t ip le  s a t e l l i t e  d rop le t s .  This 
phenomenon had been repor ted  e a r l i e r  by Frank and Lodge (13).  who concluded tha t  
t h i s  was caused by dehydra t ion  of the  H,SO, on the hydrophobic S i0  r a t h e r  
than  by impaction fo rces .  
seen by us might be t h a t  the  carbon f i l m  used f o r  c o l l e c t i o n  was l e a s  hydrophobic 
than  S i0  and thus  s a t e l l i t e  formation was not favored during dess i ca t ion .  
Furthermore, our  samples were given a second carbon coa t  soon a f t e r  c o l l e c t i o n  and 
t h i s  probably slowed d e s s i c a t i o n  and c e r t a i n l y  prevented changes in  morphology 
during any subsequent des s i ca t ion lox ida t ion .  Beuce the domelike spheres were 
probably H,SO,. 
these  domes during electron-beam hea t ing .  This bubbling w s s  not evident i n  the  
c l u s t e r s  thought t o  be (NB,),SO,. The S p a r t i c l e s  co l l ec t ed  during 
the  peak [SO:-] ranged from c l u s t e r s  t o  domes, wi th  small domes o f t en  
concentrated around the  0.4 p a  pores (Figure 3b) .  This c o l l e c t i o n  p a t t e r n  i s  not 
unusual f o r  smal le r  p a r t i c l e s  which have i n s u f f i c i e n t  i n e r t i a  t o  be impacted 
uniformly on the  f i l t e r  face  but  have too much i n e r t i a  t o  pass over the l i p  of the 
pore ( 1 4 ) .  
t h e i r  conten ts  d id  bubble i n  the  e l ec t ron  beam. The c o l l e c t i o n  of the  smal le r  
H,SO, near the  pores  during peak [SO:-] a s  compared to  the  
c o l l e c t i o n  of t he  l a r g e r  H,SO, between the  pores i n  the  e a r l i e r  and l a t e r  
samples may i n d i c a t e  a l e s s  aged SO:- component i n  the aerosol  dur ing  the  
peak period (15) .  

Spheres similar t o  those seen i n  the  episode one month e a r l i e r  and iden t i f i ed  
a s  coal f l y  ash  (6)  were l e s s  numerous than the  SO:- p a r t i c l e s .  
number of spheres i s  l a r g e r  than  shown i n  Figure 4 because spheres i n  c l u s t e r s  were 
often too small or t o o  agglomerated t o  allow indiv idua l  enumeration. The abundance 
of these apherea va r i ed  dramat ica l ly ,  ranging over more than two orders  of 
magnitude. Spheres were almost absent before the episode but  were abundant during 
the  high-SO:- per iod .  
[SO:-] and fly-ash p a r t i c l e s  was not expected because of opposing fo rces  
during t r anspor t :  f l y  a sh  spheres could only decrease  during t r anspor t  because of 
sedimentation whereas [SO:-] could increase  because of SO, oxida t ion .  

source in t ha t  supramicrometer spheres would have s e t t l e d  out during extended 
t r anspor t .  The i r  s p h e r i c a l  morphology po in t s  t o  combustion evolu t ion ,  e.g. ,  cooled 
s i l i c a t e  and metal  d r o p l e t s .  

a f t e r  Lauf (16 ) )  gene ra l ly  followed [SO:-] but  peaked 12  hours e a r l i e r .  
Whereas magnetite (Pe,O,) was the  most common fer rosphere  mineral  i n  the 
episode s tudied  e a r l i e r ,  maghemite (y-Fe,O,) was t he  most abundant 
mineral  i n  f e r rosphe res  i n  t h i s  episode (F igure  5a.b).  Magnetite ( o r  Pe-rich 
sp ine l s )  and hemat i te  (a-Pe,O,) were a l s o  present .  
been commonly r epor t ed  in coal f l y  ash  s t u d i e s  (17.18.19). The x-ray spec t ra  of 
t hese  spheres occas iona l ly  revealed t r a c e s  of Mu, Zn, S i ,  K, Ca, C r  or Se. The 
first-row t r a n s i t i o n  me ta l s  a r e  poss ib ly  isomorphic s u b s t i t u t i o n s  i n  the sp ine l  
s t r u c t u r e  (19) whereas Se may be a surface-enriched v o l a t i l e  a s  repor ted  by o the r s  

One reaaou t h a t  cap-like spheres wi th  s a t e l l i t e s  were not 

Th i s  hypothes is  is  r e in fo rced  by the  bubbling aeeu wi th in  

These small  domes a re  morphologically s i m i l a r  t o  the  H,SO, and 

The t o t a l  

A s t r i c t l y  q u a n t i t a t i v e  r e l a t i o n s h i p  between 

A l l  spheres and sphere c l u s t e r s  were (1 pa.  This  would suggest a d i s t a n t  

The abundance of spherea composed pr imar i ly  of Pe (and c a l l e d  fe r rospheres  

These minera ls  have 

(11 ) .  

t h e i r  numbers c o r r e l a t e d  wi th  [SO:-]. 
spheres o f t en  y i e lded  smal le r  I. ray  peaks of Pe, K, Ti,  A l ,  Mu, Zn, Cd or  Se. Like 
the  Si spheres c o l l e c t e d  one month e a r l i e r ,  these  d i d  not y i e l d  d i f f r a c t i o n  
pa t t e rns .  again making them l i k e l y  candida tes  f o r  t he  g l a s s  spheres found i n  coal 
f l y  ash (16,191. 

of a mixture of Al, Si, Pe and/or Ti.  One sphere (F igure  5c) wan i d e n t i f i e d  by i t s  
EDXRS and ED a s  m u l l i t e  (3(A1,0 ) . Z S i O , ) ,  a high-temperature mineral  
found i n  coal f l y  a s h  (16.17.191. 

Spheres composed p r imar i ly  of S i  were a s  abundant a s  the  f e r rosphe res  and 
I n  add i t ion  t o  the  S i  x-rays, these  

Spheres which d i d  not f i t  nea t ly  i n t o  the  Pe o r  S i  group usua l ly  were composed 

Pe has been previous ly  i d e n t i f i e d  i n  m u l l i t e  coal 
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f l y  ash (19) .  The mixed-element sphere i n  Figure 5 d  i s  the  l a r g e s t  sphere c o l l e c t e d  
and i d e n t i f i e d  a t  WFM. 

The above spheres s r e  typ ica l  of coal f l y  ash but  have not been charac te r ized  
i n  o i l  f l y  ash.  O i l  f l y  ash i s  genera l ly  p l a t y  or  honeycombed carbon which i s  
enriched i n  V snd N i  (9.12.20). A few p a r t i c l e s  co l l ec t ed  before,  dur ing  and a f t e r  
the  episode y ie lded  very  small V x-ray peaks but these  peaks were not assoc ia ted  
wi th  a s p e c i f i c  p a r t i c l e  type or  elemental combination. Eence mic ropa r t i c l e  
ana lys i s  provides no evidence of an increase  of o i l  f l y  ash during the  e leva ted  
[SO:-] period. 

quar tz ,  K f e ldspa r s  and p l ag ioc la se  (Figure 4 ) .  These ranged i n  s i z e  from s l i g h t l y  
l e s s  than 1 pm t o  3 pm. Abundance va r i ed  only a l i t t l e  more than an order  of 
magnitude. These were most l i k e l y  loca l  c r u s t a l  fragments s ince  the  th ree  
i d e n t i f i e d  mineral  groups a re  the  most common minera ls  i n  the  Adirondack reg ion  
(21) .  

samples. These Pb x-ray peaks were always a s soc ia t ed  wi th  l a rge r  S peaks and 
PbSO, was the most commonly i d e n t i f i e d  mineral .  B r  x rays  were not seen wi th  
any of these  Pb p a r t i c l e s  but the  more v o l a t i l e  B r  may have been l o s t  by aging o r  by 
the  heat of the e l ec t ron  beam. These p a r t i c l e s  were seen only when [F’bl exceeded 30 
nglm’ and the  concent ra t ion  of Ph p a r t i c l e s  co r re l a t ed  c lose ly  wi th  IPbl. 

CONCLUSION 

from the i n d u s t r i a l  Midwest r a the r  than emissions i n  the Northeast  were the major 
source of a high-SO:- episode i n  the ac id-sens i t ive  reg ions  of New York 
S ta t e .  The movement of the high-pressure system during t h i s  episode was i d e n t i c a l  
t o  previous meteorological condi t ions  when t r a j e c t o r y  ana lyses  revealed flow of a i r  
masses from the Midwest across  the  s t a t e .  MnIV r a t i o s  were d i s t i n c t l y  midwestern 
during t h i s  episode. V I N i  r a t i o s  re inforced  the  i n t e r p r e t a t i o n  of MnIV r a t i o s  and 
hold promise a s  another reg iona l  s igna ture .  The mineralogy, morphology and 
elemental  composition of spheres co l l ec t ed  during the  episode were typ ica l  of coa l  
f l y  ash but not of o i l  f l y  ash. The submicrometer s i z e  range of these  spheres 
pointed t o  a d i s t a n t  source.  While t h i s  coal f l y  ash was v i r t u a l l y  absent be fo re  
the  episode, i t  became abundant when [SO:-] increased. 
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Figure 1. Simplified sur face  meteorlogic condi t ions  i n  the  nor theas te rn  United 
S t a t e s  a t  0730 EST on 28 J u l y  1983. 
Bay (AXB). Whiteface Mountain (WFM) and West Havetstraw (WBV). 

Sampling s i t e s  a re  Mayville (MAY), Alexandria 

WHV 

20[L, 0 0 
0 

L I " 1  I I ( 1  1 1 1 1  I , ,  r , , , 1  
2 6  27 28 29 30 

JULY 1983 
Figure 2 .  Sulfa te  concent ra t ions  ( s o l i d  b a r s ) ,  V l N i  r a t i o s  (dashed b a r s )  and MnlV 
r a t i o s  a t  four s i t e s  i n  New York S t a t e .  Metal r a t i o s  omitted f o r  samples wi th  one 
or both metals below d e t e c t i o n  l i m i t  or with  excessive c r u s t a l  c o r r e c t i o n .  
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Figure 3 .  Transmission e l ec tron  micrographs 

f i l t e r s  at WFM and shadowed with Au/Pd. ( a )  
77  rnio TV 7aQa II A---+-- ..----;L _--*- II II v 1 0 0 7 .  

of s u l f a t e  p a r t i c l e s  c o l l e c t e d  on Nuclepore 27 28 29 

- e  -.-*.I -. ..a"-. Y " " Y v c ~ a  r l l y - l r r r  y m & & -  U U L I  1593 
i c l e s  which are probably E,SO,. 
(b)  28 July IV 1983. N denotes c l u s t e r  which Figure 4 .  Su l fa te  and microparticle  
is  probably (NE, 1 ,So,. concenttrt ions a t  WFM during se l ec ted  

periods from 21-29 J u l y  1983. 

f 
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Figure 5. 
collected at WFM in 1983. Scale bar equals 0.5 p. (a) y-Peso, sphere 
collected 28 July 11. (b) y-Fe,O, sphere cluster collected 28 July IV. (c) 
Mnllite sphere collected 28 July IV. (d). Mixed-element sphere collected 28 July 111. 

High-voltage electron micrographs and x-ray spectra of microparticles 
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